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Abstract
Key message Local adaptation largely segregates between traits affecting light responses and water relations, but 
population-level differences in stomatal conductance when growth is unconstrained converge among populations 
under water stress.
Abstract Warming temperatures and altered precipitation patterns threaten plant populations worldwide. European beech 
(Fagus sylvatica) is a species that expresses both high phenotypic plasticity and local adaptation among populations. Beech 
seedlings’ susceptibility to prolonged drought may be dictated by their immediate light environment. We tested whether 
seedlings of four beech provenances, from contrasting edaphoclimatic environments, expressed differences in trait responses 
to imposed water stress under sun and shade treatments. Populations from the southern range margin were expected to display 
greater water-stress tolerance and core populations’ faster growth rates in the absence of abiotic limitations. Both high light 
and water stress induced differences in trait responses among provenances, but traits that failed to respond to our experimental 
treatments likewise did not segregate at the provenance level. Hence, those traits responding to light, e.g., increasing leaf 
flavonol index and leaf mass area, also tended to differ among provenances. Similarly, there was evidence of local adapta-
tion among provenances in traits, like midday leaf water potential, responding to water stress. Exceptionally, there was a 
three way interaction water- × -light- × -provenance for stomatal conductance which converged among provenances under 
water stress. Leaf chlorophyll content also varied both with light and water in a provenance-specific manner. We found core 
provenances’ growth traits to outperform others under favourable conditions, whereas southern and high-elevation popula-
tions displayed traits adapted to tolerate high irradiance. Only stomatal conductance produced a complementary interactive 
response between light- × -water across provenances, whereas other traits responded less to combined water stress and high 
irradiance than to either treatment alone.
Keywords Local adaptation · Phenotypic plasticity · Photoprotection · Climate change · Provenance trial · Drought stress
Introduction
Climate change across Europe is expected to drive the north-
wards range shift of tree species, due largely to warmer and 
drier conditions, facilitating better growth of populations at 
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the leading range-edge but increasing the likelihood of mor-
tality at the trailing range-edge (Pulido et al. 2019; Archam-
beau et al. 2020; Fréjaville et al. 2020). The consequences 
for species like Fagus sylvatica L. (henceforth beech) are of 
particular interest, as beech is an ecologically, culturally and 
commercially important species with a wide geographical 
distribution across Europe. To implement actions to mitigate 
effects of climate change, we should strive to understand 
processes underpinning plant fitness, including the relative 
importance of phenotypic plasticity and local adaptation 
to the sorts of environmental stresses that species are pre-
dicted to experience (Valladares et al. 2014). As seedlings 
are typically less able to resist stress than adult trees, the 
most important environmental filters act during the recruit-
ment of tree seedlings into a population (Fraaije et al. 2015). 
Thus, studies on seedlings can provide relevant informa-
tion on the eco-evolutive characteristics of populations in 
an adaptive context.
Tree seedlings often establish in an environment, where 
they are exposed to multiple chronic stresses. Although 
shade-tolerance in beech at the species level confers cross-
tolerance, allowing trees to survive better under some 
environmental stresses (Valladares et al. 2007), this does 
not always apply to shade and drought which can interact 
to produce an antagonistic effect on the morphological 
and physiological acclimation responses of tree seedlings 
(Niinemets 2010). Potential antagonism in these functional-
trait responses to combined water-and-light limitation can 
impede the recruitment of beech seedlings (Aranda et al. 
2005; Robson et al. 2009). Two scenarios for the action of 
seasonal drought in forest understoreys are: (1) that in sunny 
canopy gaps, high evaporative demand and irradiance favour 
high photosynthetic rates but accompanied by water loss and 
photoinhibition, and (2) that in shaded understorey environ-
ments, carbon starvation can occur when stomata remain 
closed to maintain plant water balance under severe drought 
stress (Aranda et al. 2001), and respiratory losses exceed 
carbon gained through photosynthesis (Valladares and 
Niinemets 2008; Rodriguez-Calcerrada et al. 2010; Arend 
et  al. 2016). Nevertheless, in arid environments, shade 
can sometimes benefit woody saplings (e.g., Pistacia and 
Quercus) by reducing leaf temperatures and photoinhibition, 
and promoting shade phenotypes that are typically better 
adapted to survive drought than sun phenotypes, despite the 
larger initial decreases in photochemical efficiency they suf-
fer under equivalent drought stress (Valladares et al. 2005).
As a late-successional forest species, beech is shade-tol-
erant and relatively slow growing. It maintains a seedling 
bank in deep understorey shade, exploiting gaps or lighter 
shade providing favourable conditions for promotion to the 
canopy (Collet et al. 2002; Annighöfer et al. 2017). These 
increases in sunlight reaching the understorey provide the 
irradiance required to increase photosynthetic carbon gain, 
and physiological and morphological acclimation, as well 
as biochemical photoprotection, increasing cross-tolerance 
to environmental stressors (Tognetti et al. 1998; Scartazza 
et al. 2016). The relatively conservative functional strategy 
and shallow-rooting growth habit of beech means that the 
species is often considered vulnerable to changes in climate, 
in particular increased summer droughts (Jump et al. 2006; 
Geßler et al. 2006; Piovesan et al. 2008). Earlier research has 
shown that despite its shade tolerance, beech seedling mor-
tality can be higher in understorey shade than sun-patches 
under drought conditions (Valladares and Pearcy 2002; 
Robson et al. 2009). This is thought to be either because 
of (1) greater soil drought in understorey shade due to the 
proximity of large trees’ roots, (2) lower relative allocation 
to roots in the shade than in the sun, (3) the inability to uti-
lise understorey sunflecks for carbon fixation due to restric-
tions on stomatal opening under drought, or (4) a functional 
trade-off limiting the capacity of phenotypes acclimated to 
shade to deploy drought avoidance mechanisms; reducing 
hydraulic conductivity through morphological acclimation 
and by increasing intrinsic water use efficiency (Aranda et al. 
2001; Robson et al. 2009; Bartlett et al. 2012).
European beech has an interesting biogeographical his-
tory as it was eliminated from much of Europe during the 
last glaciation, apart from sheltered refugia around the 
Mediterranean and in the Balkans (Magri 2008; Tegel et al. 
2014), from where it subsequently recolonised during the 
Holocene spreading from the south east of Europe (Giesecke 
et al. 2006). This has led to a highly structured genetic diver-
sity across the current range, which stretches from central 
Spain in the south-west of Europe to Sweden in the north, 
and Poland and Ukraine in the east (Paule et al. 1984). This 
diversity is evident from neutral and adaptive molecular 
markers (e.g., Carsjens et al. 2014; Gömöry et al. 2015; 
Bontemps et al. 2016). Provenances may also differ in their 
phenotypic plasticity in acclimation to drought, which is typ-
ically evident through leaf traits affecting gas exchange and 
plant water status (Robson et al. 2012; Sánchez-Gómez et al. 
2013). The origin of different beech provenances can also 
affect seedling performance because of interactions with the 
microbiome of soil communities (Manzanedo et al. 2018), 
feeding back to effect drought tolerance. Besides location, 
the elevation of origin affects a suite of leaf-level traits 
related to stress tolerance and photosynthesis, as found in a 
comparison of five beech provenances along an elevational 
gradient in Czechia (Kučerová et al. 2018). Intraspecific dif-
ferences in strategy involving trade-offs between growth and 
defense or stress tolerance are also visible in the metabolite 
profiles of leaves across beech provenances (Aranda et al. 
2017). This variability can result from differences in the 
amount and composition of solar radiation received at their 
environment of origin, and even from differences in expo-
sure to ultraviolet radiation (UV) (Neitzke and Therburg 
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2003). However, knowledge about the dynamics and driv-
ers of secondary-compound accumulation in different beech 
population is sparse.
Our objective was to identify the processes underpinning 
the capacity of beech seedlings from populations of different 
origin to resist drought stress at high and low irradiances. To 
do this, we performed an experiment under semi-controlled 
conditions over one growing season, to test how imposed 
drought and sun-shade treatments affected plant traits indica-
tive of water status, photoprotection and carbon assimila-
tion in seedlings of Fagus sylvatica. We selected popula-
tions originating from four contrasting environments to grow 
under near-ambient temperature and radiation regimes in 
Helsinki, southern Finland. This also allowed us to test 
the extent of local adaptation in drought response across 
marginal and range-core populations. In general, marginal 
plant populations are expected to express greater stress tol-
erance, in a trade off against poorer performance in terms 
of maximum growth rate without stress (Rose et al. 2009; 
Bontemps et al. 2016). Accordingly, we tested the following 
hypotheses:
• We expected the provenance from the southern range-
limit to perform best under water limitation because of 
its high physiological plasticity to acclimate to drought 
stress, in both sun and shade conditions (Hypothesis 1).
• From the core of beech distribution, we expected a 
faster growth rate and greater drought tolerance from 
the low-elevation provenance; but higher constitutive 
photoprotection, expressed as greater accumulation of 
UV-screening epidermal flavanols and hydroxycinnamic 
acids (HCA), in the provenance from high elevation 
(Hypothesis 2).
• The degree of stress tolerance might also reflect like-
lihood to migrate to higher elevations under climate 
change; a scenario sometimes predicted for beech popu-
lations (Sabaté et al. 2002). Low photosynthetic rates and 
stomatal conductances under stressful summer condi-
tions, of high evaporative demand and low soil moisture, 
have previously been reported for northern range-edge 
provenances compared to the other beech populations 
(Aranda et al. 2012; Robson et al. 2012; Sánchez-Gómez 
et al. 2013). Hence, we expected the provenance from the 
northern range margin to have the lowest capacity to cope 
with drought stress during this experiment, reflected in 
lower photosynthetic rates in the sun and poorest control 
of water loss in general (Hypothesis 3).
Materials and methods
Plant material and experimental conditions
Four European beech (Fagus sylvatica) provenances from 
contrasting environments spanning a wide latitudinal gra-
dient covering the species range were used in the experi-
ment. Beechnuts were collected in autumn preceding the 
experiment from at least 20 trees per population and stored 
over winter in Helsinki. A relict population from the ancient 
beech forest of Montejo de la Sierra to the north of Madrid 
province (Montejo-ES) represented the south-westerly range 
margin of beech distribution. A population was chosen from 
Blaviksliarna, Simlangsdalen, in southern Sweden at the 
northern range margin of beech distribution (Blaviksliarna-
SE). Two provenances were chosen from the core beech dis-
tribution in Germany at contrasting elevations: at Eichelberg 
(Eichelberg-DE, 525 m a.s.l.) and Rindelpholz (Rindelpholz-
DE, 1175 m a.s.l) (Table 1).
All beechnuts were cleaned and fully imbibed in water 
(2nd February), and sown in seed trays of coarse sand, where 
they were kept moist and stratified at 3 °C for 8 weeks in 
a growth room with a photoperiod of 8-h light/16-h dark-
ness. Germination of the four provenances was sequential 
(Table S1), so to synchronise the seedlings for the start of 
the experiment, later germinating cohorts were forced in a 
greenhouse at 20 °C, while early-germinating seedlings were 
held close to the two-cotyledon stage in cooler temperature 
conditions in an unheated greenhouse. Germinated seedlings 
were transplanted to individual tubes (20-cm length × 3.5-
cm diameter) in a substrate of 3:1 sand:peat containing slow 
release fertiliser (Osmocote Exact Hi Start:15% N + 4.4% 
 P2O5 + 8.3%  K2O + 1.8% MgO + TE, Scotts International 
B.V, Netherlands). During May, at the start of the experi-
mental treatments all seedlings were transferred to an open-
sided greenhouse with a roof blocking precipitation but 
transparent to 80% solar radiation (Table 2).
Table 1  Origin of the four beech provenances and climatic conditions at their origin




Montejo de la Sierra, Spain (Montejo-ES) N 41 01′ W3 5′ 1400 m 9.5 °C 1100 mm
Rindelpholz, Germany (Rindelpholz-DE) N 47 29′′′ E10 08′′ 1175 m 4.8 °C 2535 mm
Eichelberg, Germany (Eichelberg-DE) N 48 55′ E11 26′′ 525 m 7.8 °C 692 mm
Blaviksliarna, Sweden (Blaviksliarna-SE) N 57 90′′′ E13 13′ 75 m 6.5 °C 860 mm
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In total 350 seedlings of similar height at the two-leaf 
stage were selected for use in the experiment and an equal 
number of seedlings from each provenance were allocated 
at random to each of eight “plots” (Fig. S1). The main plot 
factor was light treatment, and four replicate plots received 
near-ambient sunlight (“Sun”), while seedlings in four 
identical plots grew under a double-thickness of neutral 
shade cloth (Varjostuspeite K-Garden, Finland), where they 
received about 20–25% of ambient solar radiation (“Shade”). 
Light treatments were checked by measurements of photo-
synthetically active radiation (PAR) with a calibrated quan-
tum sensor (LICOR 190, Li-Cor Inc., Lincoln, NE, USA): 
mean midday clear-sky solar spectral irradiance (µmol m−2) 
under the treatments was 1147 µmol photons  m−2 s−1 Sun 
and 313 µmol photons  m−2 s−1 Shade on 1st June (Table 2). 
The watering treatment was a split-plot factor: half of the 
seedlings in each plot from both the Sun and Shade treat-
ments were well watered (“Wet”), while the other half were 
subject to a water-limited treatment (“Dry”) lasting from the 
start of the experiment on 24th May throughout the summer 
until mid-September. Soil moisture content was monitored 
both prior to and after watering throughout the experiment 
using a TDR probe (SM200 Moisture Sensor with HH2 
Moisture Meter, Delta-T Devices, Cambridge, UK). This 
gave a % v/v soil moisture which could be expressed as soil 
water potential (Ψsoil) using a calibration curve for the spe-
cific substrate mixture used in the experiment. A measured 
volume of water (usually 10–20 ml) was administered to 
each pot every 2–3 days to maintain soil moisture content 
at 10–15% v/v in the dry treatment, and 20–35% v/v in the 
Wet treatment (Fig. S2). The average temperature and rela-
tive humidity every 10 min throughout the experiment was 
monitored in each plot with an ibutton sensor (Maxim Inte-
grated, San Jose, CA, USA; Fig. S3). The relative perfor-
mance of seedlings from each provenance under each of the 
treatment combinations was compared through the summer 
by monitoring growth, leaf gas exchange, absorption by leaf 
pigments and leaf water potential.
Gas exchange measurements
The leaf-level photosynthetic rate and stomatal conduct-
ance were measured with a portable Infra-Red Gas Ana-
lyser (IRGA LICOR 6400; leaf chamber 2- × -3 cm; Li-Cor 
Inc., Lincoln, NE, USA). Measurements were taken on 
sunny days in late July (22nd, 23rd, 26th and 27th July) 
at mid-late morning (10:00–12:00) when photosynthetic 
rate was expected to be at its daily maximum. In total 340 
measurements of light-saturated gas exchange were made 
from seedlings in each of the four replicate plots (up to 20 
per provenance-treatment combination). Measured leaves 
received 1200 μmol photons  m−2 s−1 PAR, provided by a 
LICOR6400-02B red-blue light source: this value was con-
sidered light-saturating as it exceeded the maximum light 
received by leaves at midday in the Sun and Shade treat-
ments (Table 2). Set conditions in the leaf chamber were: 
flow rate 700 µmol s−1,  [CO2] 380 ppm, c. 30% Relative 
Humidity (RH), equivalent to vapour pressure deficit (VPD) 
2.4 kPa, and block temperature 22.1 °C, giving an air tem-
perature of 23–24 °C. Measurements were recorded when 
the photosynthesis (Anet), stomatal conductance (gs), and 
internal carbon dioxide (Ci) were stable. Additional param-
eters from the gas exchange measurements were calculated: 
the ratio of internal to ambient  CO2 concentration (Ci/Ca), 
transpiration rate (Ewv) and the instantaneous water use effi-
ciency (IWUE Anet/gs).
Leaf water potential measurements
The midday leaf water potential (Ψmidday) was measured on 
the 3rd or 4th leaves produced by seedlings from each of 
the 4 replicate plots (in total c. 20 plants per provenance-
treatment combination) on cloud-free days at midday on the 
same late July days as gas exchange measurements. These 
leaves had not been shaded by others and were excised at the 
petiole, recut with a scalpel, and their water potential imme-
diately measured using a pressure chamber (model 1000; 
PMS Instrument Co., Albany, OR, USA). The specific soil-
leaf hydraulic conductance (KL) was estimated from water 
potential and gas exchange measurements as
Soil water potential (Ψsoil) measured, as described 
above, on the same morning as physiological measure-
ments was used as a substitute for leaf pre-dawn water 
potential in the calculation of water potential differ-
ence (Ψdiff = Ψsoil–Ψmidday), because the near-24-h day-






Table 2  Midday clear (1st June) and cloudy sky (6th June) solar PAR 
irradiance (µmol  m−2) under each plot receiving shade and sun treat-
ments
Measured with a calibrated quantum sensor (LICOR 190). Each 
measurement is an average over 15-s intervals. Mean ± SE of four 
replicates of each treatment combination, within each replicate sev-
eral measurements were made to capture the spatial variation in irra-
diance within a plot
Treatment combination
(n = 4)
Cloudy day at 
midday
mean ± SE
Sunny day at midday
mean ± SE
Ambient outside 674 ± 37 1451 ± 74
Shade dry 284 ± 52 311 ± 50
Shade wet 237 ± 48 315 ± 77
Sun dry 594 ± 77 1222 ± 187
Sun wet 561 ± 72 1073 ± 203
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impractical to measure pre-dawn leaf water potential. This 
relies on the assumption that pre-dawn soil water potential 
and pre-dawn leaf water potentials of beech seedlings are 
expected to be approximately in equilibrium (Sack and 
Holbrook 2006; Rose et al. 2009; Bolte et al. 2016), and 
thus the water potential difference (Ψdiff) to Ψmidday can be 
interpreted as a coarse proxy for the leaf water potential 
adjustment between the daily minimum and maximum 
water loss.
Measurements of leaf and seedling growth 
and photoprotection
Growth measurements were made immediately prior to the 
experiment (23rd May) and on four occasions during the 
experiment (1st June, 28th June, 16th July, 19th August). 
Each set of measurements included seedling height, number 
of leaves, and number of branches of all seedlings in the 
experiment and leaf size (length and width) of the second 
leaf produced. Any variation in leaf colour, shape or injury 
was noted at the same time as these measurements. Leaf 
and seedling growth rates were calculated as the best fit to 
a polynomial function. At the end of the experiment (19th 
August), measured leaves were sampled for calculation of 
leaf mass area (LMA) from the oven-dried mass of leaves 
and fresh leaf area of scanned leaves (Image-J, following 
Wang 2016).
An optical index was recorded of leaf adaxial epidermal 
flavonols (Dualex 3.3 FLAV, Force-A, Paris, France—ref-
erence at 375 nm) three times during the experiment: Date 
1 (June 1st), Date 2 (29th June and 3rd July), and Date 3 
(14th July). At Date 1 and Date 3, an optical index of chlo-
rophyll content (SPAD Konica Minolta 502 chlorophyll 
meter, Tokyo, Japan) was also recorded, and on Dates 2 and 
3 an optical index of hydroxy-cinnamic acids (Dualex HCA, 
Force-A—reference at 315 nm) was recorded.
Statistical analysis
Effects of provenance and light conditions (Sun/Shade) con-
sidered as the main plot factors, and water stress (Dry/Wet) 
as a split-plot factor, were assessed using a mixed model 
ANOVA, where a pair of adjacent plots were considered 
a block (random factor: nested with light and water treat-
ments). There were four replicate pairs of light treatments 
within the greenhouse, each containing both Wet and Dry 
treatments (Table S1). ANOVA were run using LMER func-
tion from package lme4 fitted using REML. Significant two-
way interactions were further tested with function glht from 
package “multicomp” using Holm’s adjustment for multiple 
comparisons (R version 3.4.3, R Core Team 2019).
Results
Gas exchange measurements
Our water stress treatment (Dry) decreased photosynthesis 
Anet (p < 0.001) similarly in all provenances, from approxi-
mately 12 µmol m−2 s−1 in the well-watered (Wet) treat-
ment to 2.5 µmol m−2 s−1 in the Dry treatment (Fig. 1; 
Table  3a). There was also an interaction effect of the 
combination of light and water treatments (Light × Water, 
p = 0.006) which followed a similar pattern in all prov-
enances: in the wet treatment, light-saturated Anet was 
higher in seedlings grown under full sun than those under 
shade, whereas in the Dry the pattern was reversed. It is 
worth noting here that the absence of shading provoked 
fluctuations in temperature and relative humidity in the 
Sun treatments that is likely, when combined with the 
imposed water-stress, to have increased the intensity of 
drought compared with Shade plots (Fig. S3), with likely 
consequences for the traits of seedlings therein. The Anet 
differed among provenances under the light treatments 
(Light × Provenance, p = 0.028), whereby the largest dif-
ference in Anet between Sun-Wet and Shade-Wet was in 
Montejo-ES and the smallest difference in Eichelberg-DE 
(Fig. 1, 1st row; Table 3a). 
Patterns in stomatal conductance (gs) among treatments 
closely mirrored those of Anet. The Dry treatment caused 
drastic stomatal closure (p < 0.001), e.g., from gs of 227 
to 46 mmol m−2 s−1 in Shade (Fig. 1, 2nd row). Light 
affected gs differently under the two watering treatments 
(Light × Water, p = 0.009) and differently among prove-
nances (Light × Provenance, p = 0.022), and the three way 
interaction of Light × Water × Provenance was significant 
(p = 0.033; Fig. 1, 2nd row; Table 3a). Montejo-ES seed-
lings produced the largest difference in gs from Sun and 
Shade treatments in the Wet. In the Dry treatments, gs was 
lower among seedlings in the Sun than those in the Shade, 
and differences among provenances were not as distinct 
as under the wet treatments; although in Blaviksliarna-SE 
the Sun-Dry gs was highest (Fig. S4 for detailed gs of Dry 
treatments expanded from Fig. 1, 2nd row). Sensitivity 
of gs to soil moisture was similar among provenances in 
Shade, but in the Sun where it increased most readily in 
seedlings from Blaviksliarna-SE, and least in Montejo-ES, 
when released from water stress (Fig. 1; Fig. S5).
The Ci/Ca was consistently higher in the wet treatments 
than the dry treatments (p < 0.001), within which Ci/Ca 
was lower in the Shade-Dry than the Sun-Dry, even though 
gs was higher in the Shade-Dry. Under well-watered con-
ditions, the biggest sun-shade difference in Ci/Ca was in 
Blaviksliarna-SE (Fig. 1, 3rd row). As would be expected, 
water use efficiency (IWUE) was highest under Dry 
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conditions (p < 0.001), but differences among provenances 
were negligible (Fig. 1, 4th row; Table 3a).
Water relations
Midday leaf water potentials (Ψmidday) were higher under 
Wet than Dry treatments (p = 0.003), and lower under Sun 
vs. Shade treatments (p = 0.050); although the latter dif-
ference was largely due a reduction in Ψmidday in Sun-Wet 
compared to Shade-Wet seedlings, which reached similar 
Ψmidday values to Sun-Dry seedlings in all but the Montejo-
ES provenance (Water × Provenance, p = 0.017; Table 3a). 
Seedlings from Montejo-ES reached lower Ψmidday in the Dry 
treatment than the other provenances, which were otherwise 
similar in their Ψmidday (Fig. 2, 1st row, Table 3a). General 
patterns in Ψdiff (not shown) mainly tracked Ψmidday within 
each of wet and dry treatments, with only minor effects of 
variation in pre-dawn soil water potential.
The apparent soil-leaf hydraulic conductance (KL) in the 
Shade treatments was 0.5 mol m−2 s−1 MPa−1 higher overall 
than that in the Sun (p = 0.040); a 27% increase. In the Wet 
treatment, KL was 2.3 mol m−2 s−1 MPa−1 higher, an increase 
of 4–5 times more than that in the Dry (p < 0.001), but the 
differences in KL among the provenances were negligible 
(Fig. 2, 2nd row, Table 3a, p = 0.672).
Leaf pigments
Leaf chlorophyll content per unit area (LCC) increased dur-
ing the 6 weeks between June 1st (Date 1) and July 14th 
(Date 3). It also remained significantly higher in the Shade 
than the Sun treatment (Fig. 3, 1st row, Table 3b, p = 0.001). 
Fig. 1  Gas exchange measured 
by IRGA at midmorning over 
the period 23rd–27th July. 
Means ± 1 SE of 4 replicate 
plots for treatments combina-
tions for each of the four prove-
nances: (1st row) Anet, (2nd row) 
gs, (3rd row) Ci/Ca, (4th row) 
IWUE. See Fig. S4 for zoom-in 
of gs Dry treatments
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There was no significant difference in LCC between Dry 
vs. Wet seedlings, but the Blaviksliarna-SE population 
had the lowest LCC in the Sun and the two core German 
provenances, Eichelberg-DE and Rindelpholz-DE, the 
highest LCC on Date 1 (Light × Provenance p = 0.14, Prov-
enance p < 0.001). By Date 3, there was also an interaction 
between the watering treatment and provenance for LCC 
(Water × Provenance p = 0.008; Fig. 3; Table 3b), whereby 
Eichelberg-DE had atypically high LCC in the Dry-Shade 
treatment.
The adaxial epidermal flavonol index (Iflav), per unit area, 
in the Sun-Wet treatment remained stable over the three 
measurement dates, but Iflav declined slightly in the Sun-
Dry treatments, and even more so in the shaded seedlings 
Table 3  Results of ANOVA for 
response traits
Parameter Light (L) Water (W) Provenance (P) Significant Interactions
(a) Gas exchange and water relations
Anet F = 0.1 P = 0.777 F = 172.1 P < 0.001 F = 1.2 P = 0.349 L:W F = 16.7 P = 0.006
L:P F = 3.8 P = 0.028
gs F = 0.8 P = 0.394 F = 284.8 P < 0.001 F = 1.4 P = 0.275 L:W F = 14.2 P = 0.009
L:P F = 4.1 P = 0.022
L:W:P F = 3.6 P = 0.033
Ci/Ca F = 1.0 P = 0.364 F = 53.1 P < 0.001 F = 1.9 P = 0.174
WUE F = 0.6 P = 0.457 F = 54.1 P < 0.001 F = 1.9 P = 0.179
Ψmd F = 6.3 P = 0.046 F = 23.1 P = 0.003 F = 1.0 P = 0.416 W:P F = 4.4 P = 0.017
Ψdiff F = 5.3 P = 0.061 F = 9.7 P = 0.021 F = 1.0 P = 0.411 W:P F = 4.4 P = 0.017
KL F = 6.8 P = 0.040 F = 142.8 P < 0.001 F = 0.5 P = 0.672
(b) Leaf pigments
LCC
 Date Rep 1 F = 43.5 P = 0.001 F = 0.2 P = 0.686 F = 11.0 P < 0.001 L:P F = 4.7 P = 0.014
 Date Rep 3 F = 9.1 P = 0.024 F = 1.1 P = 0.345 F = 5.4 P = 0.008 L:P F = 3.9 P = 0.026
W:P F = 9.1 P = 0.001
Iflav
 Date Rep 1 F = 704 P < 0.001 F = 0 P = 0.959 F = 5.7 P = 0.006 L:P F = 4.3 P = 0.019
 Date Rep 2 F = 454 P < 0.001 F = 0.5 P = 0.501 F = 10.9 P < 0.001 L:P F = 5.0 P = 0.011
 Date Rep 3 F = 1041 P < 0.001 F = 3.5 P = 0.111 F = 2.5 P = 0.093 L:P F = 3.5 P = 0.037
IHCA
 Date Rep 2 F = 0.1 P = 0.732 F = 2.6 P = 0.157 F = 12.7 P < 0.001 L:P F = 31.5 P < 0.001
 Date Rep 3 F = 2.0 P = 0.208 F = 7.3 P = 0.036 F = 0.3 P = 0.838
(c) Growth
Height
 Date Rep 1 F = 2.2 P = 0.189 F = 4.4 P = 0.081 F = 0.7 P = 0.567
 Date Rep 2 F = 3.5 P = 0.112 F = 2.9 P = 0.138 F = 4.1 P = 0.022 W:P F = 3.2 P = 0.048
L:W F = 8.2 P = 0.029
 Date Rep 3 F = 0.5 P = 0.511 F = 32.6 P = 0.001 F = 6.3 P = 0.004 L:P F = 6.1 P = 0.005
L:W F = 19 P = 0.005
 Date Rep 4 F = 3.5 P = 0.113 F = 175 P < 0.001 F = 4.3 P = 0.019 L:P F = 5.9 P = 0.006
L:W F = 6.7 P = 0.041
 Date Rep 5 F = 3.3 P = 0.119 F = 157 P < 0.001 F = 5.0 P = 0.011 L:P F = 8.7 P = 0.001
W:P F = 2.5 P = 0.096
L:W F = 2.4 P = 0.098
Leaf length F = 6.0 P = 0.049 F = 0.3 P = 0.634 F = 1.9 P = 0.167
LMA F = 78.6 P < 0.001 F = 0.7 P = 0.430 F = 9.4 P = 0.001 L:W F = 8.9 P = 0.025
Branching
 Date Rep 1 F = 0.1 P = 0.863 F = 0.3 P = 0.584 F = 1.5 P = 0.248
 Date Rep 2 F = 0.4 P = 0.551 F = 3.6 P = 0.107 F = 0.5 P = 0.655
 Date Rep 3 F = 0.6 P = 0.481 F = 6.3 P = 0.045 F = 7.6 P = 0.002 W:P F = 3.6 P = 0.034
 Date Rep 4 F = 9.0  P = 0.024 F = 42.8  P < 0.001 F = 13.9 P < 0.001 L:W F = 7.9 P = 0.031
 Date Rep 5 F = 7.2 P = 0.036 F = 32.9 P < 0.001 F = 15.7 P < 0.001 L:P F = 5.5 P = 0.007
W:P F = 3.3 P = 0.044
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under both watering treatments (Fig. 3, 2nd row, Table 3b). 
In general, the patterns across light and water treatments 
remained similar over the three measurement dates, whereby 
Iflav was mostly higher in the Sun-Wet treatment than the 
Sun-Dry, and Iflav in the Shade treatments was only half that 
of the Sun treatments (Light: p < 0.001). A difference in Iflav 
among provenances was detected under both light treatments 
on each of the three measurement dates (Light × Provenance 
p = 0.019, p = 0.011, p = 0.037; Table 3b). Under Shade, 
Montejo-ES leaves had the highest Iflav of all the prove-
nances, whereas in the Sun, Rindelphlotz-DE and Montejo-
ES were similar, and the latter declined least over time in the 
Sun-Wet treatment (Fig. 3, 2nd row, Table 3b).
Measurement of the adaxial epidermal HCA index (IHCA) 
was only possible on Date 2 and Date 3. It did not differ 
significantly with light or watering treatment on Date 2, pro-
ducing similar values across all treatments averaging 2.0–2.2 
(Fig. 3, 3rd row). However, despite the narrow range of val-
ues obtained, there was an interaction effect of Light × Prov-
enance on IHCA (p < 0.001) which followed a similar pattern 
to that in Iflav. On Date 2, the IHCA in Montejo-ES seedlings 
was the highest among the provenances in the shade treat-
ments, and that in Eichelberg-DE was lowest of the prov-
enances; but on Date3, increased variability among leaves 
within each provenance-treatment combination largely 
obscured any effect among provenances. There was an effect 
of watering treatment on Date 3 but this appears to derive 
from decreasing values in some of the shade-dry seedlings, 
causing increased variability in the results on this date. Vis-
ual inspection of the seedlings on 14th July also revealed 
differences in red-coloration attributable to anthocyanins; 
red coloration of the youngest leaves was most noticeable 
in seedlings growing in the Wet treatment in all but the 
Montejo-ES provenance, where it was entirely absent (Fig. 
S6, Table 3b).
Growth and morphology
Seedlings of all provenances continued to grow larger 
throughout the experiment, growing most overall in the 
Sun-Wet, followed by the Shade-Wet treatments, in terms 
of height (Fig. 4, Table 3c), as well as number of leaves and 
branches (Fig. S7, Table 3c). In the Sun-Dry and Shade-
Dry treatments most seedlings had similar growth rates, with 
only Montejo-ES and Eichelberg-DE growing higher in the 
shade than the sun by the end of the experiment (Fig. 4, sig-
nificant Light × Provenance date 3–5, Table 3c). As with the 
physiological data, this Sun-Shade effect may be partially 
due to the Dry treatment being slightly less severe in the 
Shade (Fig. S2).
Leaf length was similar among provenances and treat-
ments, with only sun-shade treatment having a significant 
effect on leaf length (p = 0.049, Fig. 5, 1st row). Overall, 
the Shade leaves were slightly larger than the Sun leaves. 
Fig. 2  Hydraulic traits meas-
ured with a pressure chamber 
at midday over the period 
23rd–27th July. Means ± 1 SE 
of 4 replicate plots for treat-
ments combinations for each of 
the four provenances: (1st row) 
midday leaf water potential 
(Ψmidday), (2nd row) apparent 
soil-leaf hydraulic conductance 
(KL). The y-axis for KL follows 
a logarithmic scale
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Fig. 3  Indices of leaf pigment 
content per unit area measured 
by optical leaf-clips (SPAD and 
Dualex) across three measure-
ments dates. Means ± 1 SE of 
4 replicate plots for treatments 
combinations for each of the 
four provenances: (1st row) leaf 
chlorophyll content (LCC), (2nd 
row) leaf adaxial epidermal 
flavonols (FLAV), (3rd row) 
leaf adaxial epidermal hydroxy-
cinnamic acids (HCA)
Fig. 4  Time course change 
in seedling height over the 
experiment. Seedling height 
was measured prior to the 
experiment and on four occa-
sions during the experiment 
including at final harvest. The 
vertical dashed line on 24th 
May represents that start of the 
experimental treatments. Fitted 
curves use stat_smooth function 
to fit a quadratic equation using 
GLM method ± 95% confident 
intervals to the mean values 
from 4 replicate plot for each 
treatment combination
62 Trees (2021) 35:53–67
1 3
All seedlings had their highest LMA in the Sun treatments 
(p < 0.001, Fig. 5, 2nd row). Of the provenances, Montejo-
ES had the lowest LMA in all treatment combinations (Prov-
enance, p = 0.001, Table 3c). In the shade, there was also 
an effect of watering treatment on LMA; producing a lower 
LMA in the Wet than the Dry treatment (Light × Water, 
p = 0.025, Fig. 5; Table 3c). Beyond these effects, there 
were no significant relationships at the individual-plant level 
between growth traits and the individual morphological or 
physiological traits that we measured, such as LCC, Iflav or 
KL.
Discussion
Most traits responded to either the water-stress or sun-shade 
treatment, with only a few traits responding to both. Our 
water-stress treatments reduced growth, increased water use 
efficiency and slowed hydraulic conductivity. The effects of 
sun-shade treatments, on the other hand, were most appar-
ent as changes in leaf morphology and pigments (LCC and 
Iflav); trait responses which also differed among provenances. 
Interaction effects on traits of sun-shade or watering treat-
ments with provenances were only found when at least one 
of these main effects was significant. Among provenances, 
photosynthesis and stomatal conductance responded to 
water stress by converging, from divergent values among 
provenances when well-watered, towards similarly low rates 
under both sun- and shade- treatments. Height growth fol-
lowed a similar pattern. For stomatal conductance, these 
differences produced a significant a three-way interaction 
effect between light- × -water- × -provenance treatments, as 
provenance-specific differences among well-watered plants 
in the sun and shade also diminished under water-stress. 
Otherwise, the significant two-way interactions we report 
corroborate previous studies that found physiological traits 
responding to sun-shade transitions to differ among beech 
provenances (e.g., Tognetti et al. 1998) and likewise those 
traits affecting water relations in response to drought (Rob-
son et al. 2012; Sánchez-Gómez et al. 2013; Baudis et al. 
2014; Pšidová et al. 2015), but hardly any light- × -water-
stress interactions affecting water relations or other meas-
ured traits (Robson et al. 2009).
How did marginal provenances vs. those 
from the core range cope with drought stress in sun 
and shade conditions?
Instantaneous water use efficiency (IWUE) increases under 
water-limiting conditions when stomatal conductance limits 
the photosynthetic rate, as was the case in our Dry treat-
ments. If we consider IWUE the best metric for adaptation 
to drought stress (Hatfield and Dold 2019), we can say that 
all of the provenances responded similarly well to water 
Fig. 5  Leaf morphological traits 
at the end of the experiment. 
Means ± 1 SE of 4 replicate 
plots for treatments combina-
tions for each of the four prov-
enances: (1st row) leaf length 
and (2nd row) LMA
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limitation by increasing IWUE while still maintaining a 
positive carbon balance and growth rate (Tognetti et al. 
1995; Rose et al. 2009; Sánchez-Gómez et al. 2013; but see 
Dounavi et al. 2016). The trends in IWUE and Ci/Ca between 
Wet and Dry treatments followed similar patterns to those 
found among beech seedlings in earlier studies (Aranda 
et al. 2012) in showing that even moderate drought causes 
increased diffusional limitations of  CO2, limiting Anet and 
slowing growth.
Considering hydraulic traits, Montejo-ES from the south-
ern range-margin endured a larger drop in Ψmidday than the 
other provenances in Dry conditions, without any apparent 
penalty to its growth (e.g., Ψmidday − 2.3 M Pa vs. − 1.9 M Pa 
in other provenances, Fig. 2). The differences between prov-
enances were less pronounced than those previously found 
under field conditions of drought and high irradiance for sap-
lings in a Spanish common-garden trial, where provenances 
from central Spain maintained high Anet even at midsummer 
(Robson et al. 2012). This contrasts with results involving 
provenances from cooler sites in central Europe, a conti-
nental mountain climate (Czechia) and a continental range-
edge (eastern Poland) along with a mild maritime climate 
(north coastal Germany), which in field trials in both Spain 
and Czechia had good physiological functionality in early 
summer but reduced both carbon assimilation and apparent 
soil–leaf hydraulic conductance (KL) by midsummer (Rob-
son et al. 2012; Pšidová et al. 2018). Patterns in KL between 
our treatments reflected differences in midday water poten-
tial, but we failed to find significant differentiation in KL 
between range edge and core provenances under dry condi-
tions, as has previously been reported in provenance trials 
(Robson et al. 2012). We can only conclude that, across the 
provenances, drought had a much greater impact than the 
sun-shade treatment on KL. The three-way interaction effect 
(Light- × -Water- × -Provenance) on gs that we found can 
be attributed in part to the response of Montejo-ES which 
attained similar IWUE under sun and shade in drought con-
ditions by lowering gs more than other provenances in the 
Sun treatment (Figs. 1 and S4). This led to an improved 
IWUE, similar to that reported for Montejo-ES compared 
to provenances from the core range in a Spanish greenhouse 
experiment (Sánchez-Gómez et al. 2013). Since the LMA of 
sun-leaves of this provenance was also the lowest (Fig. 5), 
it might be expected to have less resistance to  CO2 diffusion 
through the mesophyll and cell walls than the other prov-
enances tested: a hypothesis deserving direct testing.
Was there evidence of a trade‑off between growth 
and stress tolerance resulting in differences 
reflecting provenance origin?
The supposed ecological trade-off between growth and 
stress tolerance (Niinemets 2010; Valladares and Pearcy 
2002), leads us to expect the core provenance from Eichel-
berg-DE to grow fastest and have the highest rates of gas 
exchange and hydraulic conductance under unstressed sum-
mer conditions in our experiment. This was largely the case 
(Fig. 4), whereby similarly high rates of height growth were 
maintained by Eichelberg-DE when shade performance is 
compared with that in the sun, but otherwise differences 
in growth among provenances under shade conditions were 
very small or absent.
The two provenances receiving the highest PAR and 
UV-B irradiances at their origins are Rindelpholz-DE (from 
1175 m a.s.l. elevation at 47.3° N latitude) and Montejo-ES 
(from 1400 m a.s.l. elevation at 41° N latitude). Seedlings 
from these provenances also had the highest epidermal UV-
screening pigments (Iflav and IHCA) under shade conditions 
and early in the experiment (Fig. 3). Shade values might be 
considered a baseline for Iflav, compared with those of seed-
lings under high irradiances in the sun treatment, where Iflav 
increased but was similar among the four provenances. This 
suggests that, in our growing conditions under a roof trans-
mitting solar UV-A but not UV-B radiation, all four prov-
enances were equally able to up-regulate the accumulation 
of UV-screening compounds in response to high irradiance 
irrespective of initial baseline differences. These results were 
consistent with those of non-targeted metabolite profiling of 
beech provenances, which found higher concentrations of 
some organic and amino acids (e.g., fumaric and succinic 
acids or valine and isoleucine), and some secondary metabo-
lites (e.g., kaempferol, caffeic and ferulic acids) in Montejo-
ES compared with northern provenances; Blaviksliarna-SE 
and Kempten-DE (47º 44′ N, 10º 23′ E, 860–900 m a.s.l) 
(Aranda et al. 2017). However, it is notable that in both sun 
and shade, for all provenances except Montejo-ES-Wet, the 
values of Iflav in the same set of leaves declined over the 
summer despite increasing PAR (Fig. S3C).
Higher Iflav in Sun than Shade treatments (Fig. 3) con-
stitutes a well-established photoprotective function against 
high-light stress (Agati et al. 2013), shielding the leaves 
from the potentially damaging UV-A and UV-B radiation 
(Burchard et al. 2000). Like flavonoids, HCAs are antioxi-
dants and scavenge ROS (Martinez et al. 2016), and are 
liable to vary among beech provenances similarly to ascor-
bate and pigments from the xanthophyll cycle (García-
Plazaola and Becerril 2000a, b). The absorption peak of 
HCAs is in the UV-B spectrum; although it is known from 
sunflower leaves, where little or no flavonoids accumulate, 
that HCAs can also effectively screen UV-A radiation in 
addition to UV-B (Stelzner et al. 2019). A comparison 
of flavonoid and HCA accumulation in laurel (Ligustrum 
vulgare) found both drought and high light to stimulate the 
accumulation of flavonoids but not HCAs, where the accu-
mulation of neither set of compounds had a detectable cost 
or benefit affecting the rate of carbon assimilation (Tattini 
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et al. 2004). Although there was little overall variation in 
the HCA index among our treatments or provenances, we 
detected some statistically significant effects (Fig. 3). In 
Montejo-SE and Eichelberg-DE, more HCAs were accu-
mulated in the sun than shade treatment, compared with 
no treatment-effects in the other two provenances. On the 
second measurement date, HCA index was higher in dry 
than wet treatments. However, both of these effects were 
small (a difference in the optical index of < 0.1) so their 
functional importance is likely to be minor.
Metabolomic-screening has found comparatively high 
leaf quercetin and kaempferol concentrations in Montejo-
ES, as well as their induction under water stress in Bla-
viksliarna-SE, compared with those from Kempten-DE 
(Aranda et al. 2017). However, high intraspecific variabil-
ity among individual beech seedlings in both primary and 
secondary metabolism could mask differentiation at the 
provenance level (Aranda et al. 2018). Nevertheless, the 
functional relationship between HCAs and flavonoids in leaf 
tissue layers is interesting to consider, and the possibility 
to combine metabolomics and optical indices should allow 
location and function within the leaf to be better differenti-
ated in the future. Despite their partially overlapping roles in 
UV-screening and antioxidant function, our results suggest 
that flavonoids and HCAs respond very differently to envi-
ronmental stimuli, which is consistent with their synthesis 
from different branches of the phenylpropanoid pathway 
(Agati et al. 2013).
Did provenances from locations that experience 
seasonal water stress show better physiological 
adaptation to drought?
Blaviksliarna-SE originates from the northern range margin, 
where cold temperatures and low soil fertility are expected 
to limit beech growth more than water stress. Hence, we 
expected seedlings from this provenance to express the 
weakest response to our water-stress treatments, especially 
compared with Montejo-ES and Eichelberg-DE with warmer 
drier origins. However, there were negligible differences 
in IWUE among the provenances under water stress, and 
Blaviksliarna-SE maintained as high a KL as the other prove-
nances and even higher in the shade-dry treatment. Thus, we 
cannot say that it was less adapted to cope with drought than 
the other provenances based on our treatments—although its 
high KL might eventually result in a higher risk of hydraulic 
failure, assuming a trade-off between efficiency and resist-
ance to cavitation. This assumption has proved contentious 
when studying water relations among beech provenances 
(Aranda et al. 2015; Schuldt et al. 2016; Stojnić et al. 2018). 
The provenance-dependent differences in leaf length, LMA, 
and growth-related traits we recorded were larger than those 
in physiological traits which were consistent among prove-
nances under water stress. This supports previous assertions 
that morphological traits are more responsive to drought 
stress than physiological traits related to photosynthesis or 
photoprotection (García-Plazaola and Becerril 2000b; Val-
ladares and Pearcy 2002).
What are the implications of this experiment 
and other provenance tests with beech seedlings 
for the range‑wide capacity of beech to cope 
with climate change? 
Beech provenances have evolved local adaptation and retain 
relatively high phenotypic plasticity in fitness-related traits 
despite the fast rebuilding of populations following the last 
glacial period (Frank et al. 2017; Gárate-Escamilla et al. 
2019). In this respect, beech seedlings seem to adjust bio-
mass partitioning to resource availability better than many 
similar tree species (Schall et al. 2012). This might indi-
cate that the normal shade syndrome of increased relative 
above-ground allocation is more effectively tempered under 
drought stress in beech than in less shade-tolerant species 
(Rosas et al. 2019). Local adaptation tended to differentiate 
provenances according to water stress in drought-responsive 
traits, linked to carbon assimilation (Valladares and Pearcy 
2002), and to sun-shade conditions in light-responsive traits 
affecting growth both directly and indirectly (Burchard et al. 
2000), although only gs and LCC responded to both these 
treatment combinations in a provenance-specific manner.
In nature, the timing of germination and spring bud-burst 
phenology of beech seedlings differs among populations 
from west–east as well as north–south (Sánchez-Gómez 
et al. 2013; Gárate-Escamilla et al. 2019). In our study, we 
compensated for these differences by stalling the growth of 
early germinating provenances prior to the experiment, oth-
erwise in the year of study, and subsequent years (unpub-
lished data), the order of spring flush was Rindelpholz-DE, 
Eichelberg-DE, Montejo-ES, Blaviksliarna-SE (Table S1). 
Late bud burst when combined with traits conferring drought 
tolerance, may prove a useful adaptive trait combination to 
withstand springtime warming together with reduced precip-
itation. It may also be a coherent strategy to cope with more 
frequent late spring frosts on migration to higher elevations 
and northern latitudes.
Conclusions
The combination of sun-shade and water-stress treatments 
did not enhance or depress trait responses compared with 
each of these factors in themselves, with the exception of sto-
matal conductance. It differed among provenances in well-
watered seedlings and according to sun-shade treatment, but 
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converged towards similarly low rates under water stress. 
Evidence of local adaptation to drought stress (Hypothesis 1) 
was weak, although Montejo-ES did have lowest hydraulic 
conductivity and stomatal conductance under the Sun-Dry 
conditions. Seedlings of Montejo-ES and Rindelpholz-DE 
from high elevations had higher baseline epidermal UV-
screening (Hypothesis 2), suggesting strong inherent photo-
protection, but those from Blaviksliarna-SE and Eichelberg-
DE appeared equally able to induce UV-screening during 
the summer. Eichelberg-DE, from the range core, also had 
the highest growth rate in the shade treatment (Hypothesis 
2), although there was little evidence for a trade-off between 
growth and stress tolerance, and Blaviksliarna-SE from the 
northern range edge maintained high photosynthesis and 
growth through the summer (Hypothesis 3) and may be 
suited to the day length in Helsinki which provides similar 
conditions to its origin. Contrasting four beech provenances 
representing core range and marginal populations, the small 
differences in trait responses to combined water stress and 
to sun and shade manipulations provides some evidence for 
local adaptation against a background of high phenotypic 
plasticity.
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